Lung cancer (LC) is the leading cause of cancer-related death worldwide and tobacco smoking is the major associated risk factor. DNA repair is an important process, maintaining genome integrity and polymorphisms in DNA repair genes may contribute to susceptibility to LC. To explore the role of DNA repair genes in LC, we conducted a multilevel association study with 1655 single nucleotide polymorphisms (SNPs) in 211 DNA repair genes using 6911 individuals pooled from four genome-wide case-control studies. Single SNP association corroborates previous reports of association with rs3131379, located on the gene MSH5 (P 5 3.57 3 10-5) and returns a similar risk estimate. The effect of this SNP is modulated by histological subtype. On the log-additive scale, the odds ratio per allele is 1.04 (0.84-1.30) for adenocarcinomas, 1.52 (1.28-1.80) for squamous cell carcinomas and 1.31 (1.09-1.57) for other histologies (heterogeneity test: P 5 9.1 3 10 23 ). Gene-based association analysis identifies three repair genes associated with LC (P < 0.01): UBE2N, structural maintenance of chromosomes 1L2 and POLB. Two additional genes (RAD52 and POLN) are borderline significant. Pathway-based association analysis identifies five repair pathways associated with LC (P < 0.01): chromatin structure, DNA polymerases, homologous recombination, genes involved in human diseases with sensitivity to DNA-damaging agents and Rad6 pathway and ubiquitination. This first international pooled analysis of a large dataset unravels the role of specific DNA repair pathways in LC and highlights the importance of accounting for gene and pathway effects when studying LC.
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Introduction
Lung cancer (LC) is the leading cause of cancer death worldwide (1) and tobacco smoking is the major risk factor (2, 3) . Genome-wide association studies identified several single nucleotide polymorphisms (SNPs) located at 15q25, 5p15 and 6p21 associated with LC (4) (5) (6) . Recently, a study pooling 21 case-control samples from the International Lung Cancer Consortium (ILCCO) replicated two of these associations (7) .
Several biological pathways may contribute to LC susceptibility, including pathways involved in DNA repair. They maintain genome integrity by reducing replication errors, removing DNA damage and minimizing deleterious rearrangements arising via aberrant recombination, and therefore reducing the mutation frequency of cancer-related genes. Genes coding for proteins of the DNA repair pathways are thus good candidates to test for association with LC.
Previous studies provide little insight on the role of DNA repair pathways in LC. Moreover, interactions between genetic variants and tobacco smoking are also important to investigate in LC. Indeed, in the presence of a gene-environment interaction, testing a single SNP may have less power to detect associations than testing an SNP and its interaction with the environment simultaneously (8) . Besides, testing the association between LC and sets of SNPs with a biological meaning (e.g. gene or pathway) might also provide additional insight about the genetic architecture of LC (9) .
To investigate the role of DNA repair pathways in LC and their interactions with tobacco smoking, we examined the association between LC and 1655 SNPs located in 211 DNA repair genes using a sample of 6911 individuals pooled from four case-control studies participating in the ILCCO (http://ilcco.iarc.fr/). This study reports results of association tests between LC and single SNPs, geneenvironment interaction tests involving tobacco smoking, sex, age and histology as well as gene-based and pathway-based association tests.
Materials and methods

Study population
To study DNA repair genes, principal investigators of all case-control genomewide association studies in the ILCCO were invited in 2008 to share their data and to participate in a combined analysis. Individual epidemiological and genotypic data from six studies were pooled comprising a total of 3416 LC cases and 4374 controls. The recruitment sites were located in Central Europe, Canada, Norway, Estonia, the United Kingdom and France. Their study designs have already been described extensively in other publications (5, (10) (11) (12) (13) (14) (15) (16) and are summarized in Supplementary Table I, available at Carcinogenesis Online. The United Kingdom and France samples included respectively only cases and only smokers. Since all analyzes required adjusting on study site and on smoking status, we excluded these two samples and the final pooling was completed with the four remaining studies totaling 2683 cases and 4228 controls. Blood samples and clinicopathological information from patients and controls were collected with informed consent and ethical review board approval in each country.
Regarding smoking status, subjects were classified as never-smokers or ever-smokers. Ever-smokers were defined as individuals who smoked daily (for studies in Norway and Estonia) or .100 cigarettes in their lifetime (for studies in Central Europe and Canada). Ever-smokers were further categorized into former smokers (i.e. smokers who had stopped smoking .1 year before inclusion in the four studies) and current smokers. The average number of cigarettes smoked per day and duration of smoking were also collected.
Genotyping, quality control and pathway definition
In all studies, genotyping was performed using the HumanHap300 BeadChips (Illumina, San Diego, CA) on genomic DNA isolated from blood samples. Self-reported European ancestry was previously validated using the program Structure (17, 18 Therefore, the analysis was completed on a total of 1655 SNPs (relating to 211 autosomal genes), 874 of them being located within the genes and 781 being located in the 20 kb flanking regions. These 211 genes were then classified in 13 pathways (Supplementary Table II is available at Carcinogenesis Online): 20 genes involved in base excision repair (BER), 22 genes involved in cell cycle regulation, 19 genes involved in chromatin structure (CHS), 3 genes involved in direct reversal of damage, 24 genes involved in homologous recombination (HR), 11 genes involved in mismatch repair, 6 genes involved in modulation of nucleotide pools, 23 genes involved in nucleotide excision repair, 10 genes involved in non-homologous end joining, 22 genes involved in DNA polymerases (POL), 7 genes involved in Rad6 pathway and ubiquitination (RPU), 16 genes involved in human diseases with sensitivity to DNAdamaging agents (SDA) and 28 genes coding for telomerases, topoisomerases and replicative accessory proteins (TEL).
Statistical analysis
Association between LC and the 1655 SNPs was individually assessed using multivariate unconditional logistic regression adjusted for smoking status (never/ever-smoker), age, sex and study site. Odds ratios (ORs) and 95% confidence intervals for the heterozygous and homozygous carriers of the minor allele were calculated using the homozygous carrier of the other allele genotype as reference. Assuming a codominant log-additive genetic model, OR per allele, 95% confidence interval and P-value for the 1-degree of freedom Cochran-Armitage trend test were also calculated.
To account for multiple testing, the effective number of tests was computed using the linkage disequilibrium matrix obtained with Haploview (22) and the method of Li and Ji (23) . We determined that setting a threshold for significance at 4.00 Â 10 À5 ensured proper correction for multiple testing while maintaining overall type 1 error rate at 5%.
Potential heterogeneity was explored for the SNP found significantly associated with LC as a function of the other covariates (sex, age, smoking status and pack-years of smoking). To do so, multivariate unconditional logistic regression models were used adjusting for all other important covariates. Heterogeneity according to histological subtype was assessed through a multinomial logistic regression model using the control group as reference (8) . Since only non-small cell lung carcinomas were included in the Estonian sample, the analysis stratifying on histology was conducted on the three other studies pooled.
Interaction with tobacco smoking status was evaluated for the 1655 SNPs through a multivariate logistic regression model that included an SNP Â tobacco interaction term.
The 1655 SNPs studied relate to one of the 211 genes organized in 13 pathways. To analyze simultaneously sets of SNPs belonging to the same gene or pathway, we used the SNP-set Kernel Association Test as described in Wu et al. (24) . Briefly, this method uses a logistic kernel machine model that takes into account the joint effect of the SNPs in the considered SNP set and can incorporate covariates. Missing genotypes are imputed based on Hardy-Weinberg proportions. To maximize the power of the test to detect complex and/or epistatic effects, we used the Identity-by-State kernel as suggested by the authors, adjusting for smoking status (never/ever-smoker), age, sex and study site.
Single SNP and interaction tests were carried out using Stata SE 10 (25). Gene-based and pathway-based association tests were carried out using R (26) with the package SNP-set Kernel Association Test v0.4 (24) .
Results
Sample characteristics
Compared with controls, cases were more often males (72 versus 63%) and older (mean age of 61.4 versus 55.7 years). These significant differences were observed in the Central European, Canadian and Estonian studies. As expected, the proportion of current smokers (68.9%) and ever-smokers (90.3%) in cases was higher than in controls and ever-smokers in cases had higher pack-years of smoking than ever-smokers in controls. Histology was available for 2304 cases (85.9% of the total sample) in three studies (Central Europe, Canada and Norway). They comprised 583 adenocarcinomas (25.3%), 911 squamous cell carcinomas (39.6%), 358 small cell carcinomas (15.5%) and 452 mixed cells or other histological types (19.6%) ( Table I) . The test of heterogeneity between these three ORs had a P-value of 9.1 Â 10 À3 . Of the top 30 SNPs (Table II) 
SNP Â tobacco interaction
The interaction analysis (Table IV) yielded potential differences in LC risk association with rs2930961 (inside the RAD54B gene) between never-and ever-smokers but the P-value was not significant (P 5 2.31 Â 10 À4 ) for an interaction coefficient estimate of 1.52 (1.21- 25) and 1.13 (0.94-1.36) , among ever-smokers. Note that the association test of rs2930961 alone was not significant (P 5 0.06). No interaction with tobacco smoking was significant with any other SNP.
Gene-based and pathway-based association Among the 211 genes analyzed, 3 genes were associated to LC with a P-value ,0.01 (after Dunn-Š idák correction (20, 21) ) using SNP-set Kernel Association Test. These genes are UBE2N (P 5 2 Â 10 À8 ), structural maintenance of chromosomes (SMC)1L2 (P 5 8 Â 10 À7 ) and POLB (P 5 10 À6 ). The Dunn-Š idák-corrected P-values of two other genes, RAD52 and POLN, are between 0.01 and 0.05 (Table V) .
Among the 13 pathways previously described, 5 pathways were associated to LC with a Dunn-Šidák-corrected P-value ,0.01 (Table VI) . These five pathways ordered in increasing P-value are: CHS, DNA polymerases (POL), HR, genes involved in human diseases with SDA as well as RPU.
Discussion
Genome-wide association studies that focus on single marker analysis have been successful for identifying loci associated to LC (4-7). However, the origin of such a complex disease is more likely due to several genes involved in pertinent biological pathways rather than to single polymorphisms. Several innovative statistical methods for analyzing sets of SNPs have recently been developed (24) . We report the first international pooled analysis with a large dataset that investigates the association of LC with DNA repair genes on a multilevel scale: single SNP, gene-environment interaction, gene-based and pathwaybased tests.
The analysis of 1655 SNPs belonging to 211 DNA repair genes confirms a previously reported association with an SNP located in the CI, confidence interval; MAF, minor allele frequencies; MMR: mismatch repair; NER, nucleotide excision repair; NHEJ, non-homologous end joining; P, P-value of the trend test of association adjusting for study, age, sex and tobacco smoking; POL, DNA polymerases.
Lung cancer and DNA repair genes intronic region of the MSH5 gene on chromosome 6 with a similar risk estimate (27) . This gene encodes a member of the MutS family of proteins that are involved in DNA mismatch repair and in mitotic or meiotic recombination processes. Moreover, the interaction with the squamous cell histological subtype, which is mainly attributable to smoking, corroborates the hypothesis of an effect of this variant linked to a failure to protect from tobacco carcinogens. The rare allele (C) of SNP rs2930961, located in the intronic region of RAD54B, is associated to an increased risk of LC among eversmokers and a decreased risk of LC among never-smokers. RAD54B, a DNA-dependent adenosine triphosphatase, is also involved in mitotic and meiotic homologous repair. This pathway is considered as an error-free mode of removing DNA lesions that stall replication forks. Homozygous mutations of this gene are often found in various cancers (28, 29) .
The gene-based association reveals three genes (UBE2N, SMC1L2 and POLB) that are clearly associated to LC and two borderline significant genes (RAD52 and POLN) .
The UBE2N gene (UBC13 homolog) encodes a member of the E2 ubiquitin-conjugating enzyme necessary for protein ubiquitination targeting abnormal or short-lived proteins for degradation but also modifying proteins through the Lys-63 residue in the non-proteolytic regulation of cellular signaling. This sequential ubiquitination process is composed of various ubiquitin cascades required for DNA repair CI, confidence interval; P, P-value of trend test for the overall analysis and P-value for heterogeneity for the stratified analyses.
a Adjusting for study, age, sex and smoking status (never/ever-smokers). b Adjusting for study, age and smoking status (never/ever-smokers).
c Adusting for study, sex and smoking status (never/ever-smokers). d Adjusting for study, age, sex and pack-years (coded quantitatively).
e Adjusting for study, age, sex and smoking status (never/ever-smokers). CI, confidence interval; P, P-value for rs2930961 Â tobacco interaction adjusting on study, age, sex and pack-years (coded quantitatively). CCR, cell cycle regulation; MMR, mismatch repair; NHEJ, non-homologous end joining; P, P-value of the gene-based association test adjusting for study, age, sex and tobacco smoking; P corrected , Dunn-Š idák-corrected P-value (211 tests); POL, DNA polymerases; TEL, telomerases, topoisomerases and accessory proteins.
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and checkpoint signaling in response to DNA damage (30) . For example, UBE2N is implicated in the Rad6/Rad18-dependent postreplication repair and translesion synthesis following UV and ionizing radiations. This pathway can be an error-prone and mutagenic way to cope with unrepairable DNA adducts. Cells deficient for this protein are compromised for double-strand repair by HR (31) and UBE2N is necessary for H2A-histone ubiquitination following DNA damage and for 53BP1 and BRCA1 foci formation to lesions (32) . This protein is involved in numerous pathways linking DNA lesions and cell signaling, including a regulation of cell localization and activity of the tumor suppressor p53 protein (33) . The SMC1L2 (SMC1B) gene codes a subunit of the multifunctional protein SMC1, which is a member of the SMC family. SMC1 is part of a hetero-tetrameric complex called cohesin. The cohesin complex encircles and holds together chromatids during the mitotic phase until their separation in anaphase. The proximity of sister chromatids facilitates the repair of chromosome lesions by HR. The cohesin appears to be also part of cell cycle checkpoint regulation following DNA damage induced by genotoxic agents (34, 35) . Based on animal studies, SMC1B is required for sister chromatid cohesion during mitosis and meiosis and for DNA recombination (31) .
The POLB gene codes the polymerase b protein (Polb). Although we have classified it in the polymerase group, Polb is the main DNA polymerase used for the short-gap filling step during BER, particularly during repair of an 8-oxo-G residue (36) . Polb knockout mice are not viable and cells with a low level of Polb have reduced BER capacity, accelerated DNA damage and increased mutational response to carcinogens (37) . Cigarette smoking gives rise to multiple damage, among which oxidized bases such as 8-oxo-G, that are repaired by BER. Consequently, association of LC with POLB may explain a higher tendency to accumulate unrepaired DNA lesions and therefore a higher frequency of cancer. Several mutations on POLB have been associated with human cancers (38) and a given POLB haplotype has been associated with bladder cancer, another smoking-related cancer (39) .
RAD52 and POLN lie just at the significance level of the genebased association tests (Table V) . The RAD52 gene encodes a major protein for DNA double-strand break repair by HR. The RAD52 protein binds to single-stranded DNA ends and mediates the DNA-DNA interaction, in collaboration with the RAD51 recombination protein, for the annealing of complementary strands of DNA bound by replication protein A (40) . Interestingly, RAD52 and OGG1 have been shown to cooperate to repair oxidative DNA damages that are removed by BER. RAD52 cellular depletion allows accumulation of oxidized bases (41) . The Polb polymerase is the enzyme that acts subsequently to the removal of 8-oxo-G by OGG1 during the BER cascade.
POLN encodes a newly discovered translesion DNA polymerase (Polm) able to replicate large bulky adducts such as, in an error-prone manner, a (þ)-trans-anti-benzo(a)pyrene diolepoxide-deoxyadenosine adduct. This type of lesion is typically produced by cigarette smoking (42) . This polymerase is also involved in repair of crosslinks by HR in association with the Fanconi anemia pathway (43) .
The pathway-based association discloses five pathways of DNA repair that are clearly associated to LC: CHS, DNA polymerases (POL), HR, genes involved in human diseases with SDA and RPU. Interestingly, the five genes significantly associated with LC in the gene-based tests belong to four of these pathways (CHS, POL, HR and RPU). Although the SDA pathway is significantly associated to LC, none of the genes in that pathway are associated to LC when tested individually. This suggests a different genetic model for the effect of this pathway on LC, probably involving many genes with small effects.
Genes of the CHS category are necessary either to signal the presence of DNA lesions and to start the DNA damage response or to allow DNA repair at the chromatid level probably by HR. Modifications of the structure of these proteins may have important effects on the way cells are able to cope with carcinogens. The response to DNA damage involves signalization from chromatin proteins to recombination pathways via ubiquitination of numerous proteins. Repair of or translesion synthesis across oxidized bases or bulky adducts produced through cigarette smoking could be modified by the genetic variations on these genes.
Many DNA damages induce lesions of the two DNA strands, such as interstrand crosslinks or double-strand breaks. These lesions are removed by recombination. Because the HR pathway is believed to be essentially error-free, its efficient activity is important as a cancerreducing pathway.
In the SDA category, we included all genes known to be associated with human diseases with increased cellular sensitivity to a given genotoxic agent but for which the role of the gene product is not exactly known. However, most of these gene products are associated with DNA repair by HR, by translesion synthesis, or by starting DNA damage signaling. Among this list of 16 genes, 9 belong to the Fanconi anemia pathway known to form a large protein complex involved in the repair of bulky adducts and crosslinks probably by HR.
The large group of POL comprises not only replicative polymerases but also all translesion polymerases able to replicate through DNA adducts or during the replicative step of DNA repair. Because most of the gene products of this latter category are error-prone enzymes, their activity could easily be linked to increased mutation rate and cancer.
Finally, the RPU pathway comprises seven genes involved in post-replication repair. But ubiquitination is involved in such a large number of enzymatic reactions that identifying the major pathway involved in the context of this study is difficult. However, the Rad6 pathway is able to activate and regulate the Fanconi anemia pathway P: P-value of the pathway-based association test adjusting for study, age, sex and smoking status; P corrected , Dunn-Š idák-corrected P-value (13 tests).
Lung cancer and DNA repair genes in which the FANCD2 protein is mono-ubiquitinated (44) . Since the Fanconi anemia pathway also modulates translesion synthesis, the Rad6 and the Fanconi anemia pathways are intertwined to maintain chromosomal stability and to suppress the development of cancer.
In this study, we took advantage of the large-scale pooled dataset from the ILCCO to systematically investigate the association between hundreds of SNPs in DNA repair genes and LC risk using a multilevel approach. This approach explores virtually all known human DNA repair genes. This study is thus far the most comprehensive large-scale analysis focusing on the association between DNA repair genes and LC. Collectively, our findings emphasize on the importance of accounting for gene and pathway effects in LC studies in addition to standard single SNP association tests. Furthermore, the pathways evidenced here are probably not specific to LC and may provide insight into the genetic basis of other smoking-related cancers.
Supplementary material
Supplementary Tables I and II and Figure 1 can be found at http:// carcin.oxfordjournals.org/.
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